There is increasing evidence that Trypanosoma cruzi antioxidant enzymes play a key immune evasion role by protecting the parasite against macrophage-derived reactive oxygen and nitrogen species. Using T. cruzi transformed to overexpress the peroxiredoxins TcCPX (T. cruzi cytosolic tryparedoxin peroxidase) and TcMPX (T. cruzi mitochondrial tryparedoxin peroxidase), we found that both cell lines readily detoxify cytotoxic and diffusible reactive oxygen and nitrogen species generated in vitro or released by activated macrophages. Parasites transformed to overexpress TcAPX (T. cruzi ascorbate-dependent haemoperoxidase) were also more resistant to H 2 O 2 challenge, but unlike TcMPX and TcCPX overexpressing lines, the TcAPX overexpressing parasites were not resistant to peroxynitrite. Whereas isolated tryparedoxin peroxidases react rapidly (k = 7.2 × 10 5 M −1 · s −1 ) and reduce peroxynitrite to nitrite, our results demonstrate that both TcMPX and TcCPX peroxiredoxins also efficiently decompose exogenous-and endogenously-generated peroxynitrite in intact cells. The degree of protection provided by TcCPX against peroxynitrite challenge results in higher parasite proliferation rates, and is demonstrated by inhibition of intracellular redoxsensitive fluorescence probe oxidation, protein 3-nitrotyrosine and protein-DMPO (5,5-dimethylpyrroline-N-oxide) adduct formation. Additionally, peroxynitrite-mediated over-oxidation of the peroxidatic cysteine residue of peroxiredoxins was greatly decreased in TcCPX overexpressing cells. The protective effects generated by TcCPX and TcMPX after oxidant challenge were lost by mutation of the peroxidatic cysteine residue in both enzymes. We also observed that there is less peroxynitritedependent 3-nitrotyrosine formation in infective metacyclic trypomastigotes than in non-infective epimastigotes. Together with recent reports of up-regulation of antioxidant enzymes during metacyclogenesis, our results identify components of the antioxidant enzyme network of T. cruzi as virulence factors of emerging importance.
INTRODUCTION
Chagas disease affects 18-20 million people in Latin America and is caused by the kinetoplastida protozoan Trypanosoma cruzi [1] . This parasite undergoes extensive morphological and biochemical changes during its life cycle. Non-infective epimastigotes proliferate in the gut of the insect vector (triatomid hematophage arthropod), where they differentiate into metacyclic trypomastigotes, the infective form for the vertebrate host. Once in the dermal layers or conjunctival mucosa, the trypomastigotes invade host cells, mainly macrophages, where they transform into amastigotes, the infective replicative intracellular stage [2] . After several cycles of binary division, transformation to trypomastigotes and host-cell disruption occurs [3] . Subsequently, infective forms access the bloodstream and penetrate other nucleated cells such as myocardiocytes, smooth muscle cells and astrocytes [4] .
To establish an infection, metacyclic trypomastigotes must invade macrophages and survive the highly oxidative conditions generated inside the phagosome. Several antioxidant enzymes, including a mitochondrial Fe-SOD (iron-containing superoxide dismutase), TcMPX (T. cruzi mitochondrial tryparedoxin peroxidase) and TcAPX (T. cruzi ascorbate-dependent haemoperoxidase), are upregulated during transformation of the insectderived non-infective epimastigotes into the infective metacyclic trypomastigotes [5] . These biochemical changes may pre-adapt metacyclic forms with the capacity to detoxify reactive oxygen and nitrogen species generated by the macrophage during the T. cruzi-mammalian host-cell interactions [5] .
Peroxide detoxification in trypanosomatids, including T. cruzi, relies on a sophisticated system of linked pathways in which the dithiol T(SH) 2 (trypanothione; N 1 ,N 8 -bisglutathionylspermidine), the flavoenzyme TR (trypanothione reductase) and the thioredoxin homologue tryparedoxin play central roles as the major donors of reducing equivalents derived from NADPH [6, 7] . Five distinct peroxidases have been identified in T. cruzi which differ in their subcellular location and substrate specificity. Two of these peroxidases, TcGPX [T. cruzi GPX (glutathione-dependent peroxidase)] I and TcGPXII, have sequence similarity with nonselenium GPXs. TcGPXI is localized to the cytosol and the glycosome, whereas TcGPXII is localized to the endoplasmic reticulum. Transformation-mediated overexpression of both enzymes confers resistance against exogenous hydroperoxides [8, 9] . TcCPX (T. cruzi cytosolic tryparedoxin peroxidase) and TcMPX belong to the 2-cysteine peroxiredoxin family, which have the capacity to detoxify H 2 O 2 , peroxynitrite [10] and Abbreviations used: AA, antimycin A; BHI, brain heart infusion; 6-CFDA, 6-carboxyfluorescein diacetate; DHR, dihydrorhodamine; DMNQ, 2,3-dimethoxy-1-naphthoquinone; DMPO, 5,5-dimethylpyrroline-N-oxide; DPBS, Dulbecco's PBS; Fe-SOD, iron-containing superoxide dismutase; GPX, glutathionedependent peroxidase; iNOS, inducible NO synthase; RH, rhodamine; TAU, triatomine artificial urine; TcAPX, Trypanosoma cruzi ascorbate-dependent haemoperoxidase; TcCPX, T. cruzi cytosolic tryparedoxin peroxidase; TcGPX, T. cruzi GPX; TcMPX, T. cruzi mitochondrial tryparedoxin peroxidase; T(SH) 2 , trypanothione. 1 To whom correspondence should be addressed (email rradi@fmed.edu.uy).
small-chain organic hydroperoxides [11] . In the corresponding transformed cell lines, overexpressed TcCPX is localized to the cytosol and TcMPX is localized exclusively to mitochondria. Total T(SH) 2 -dependent peroxidase activity in these trypanosomes was 2.5-and 1.9-fold higher respectively than in wild-type parasites, with elevated levels of the peroxiredoxins conferring protection against exogenous peroxides (H 2 O 2 and t-butylhydroperoxide), but no protective effects were found against the trypanocidal drugs nifurtimox and benznidazole, agents that are thought to undergo redox cycling within the cell [11] . A fifth peroxidase, TcAPX, is located in the endoplasmic reticulum. Overexpression of this enzyme resulted in a 5-fold increase in terms of activity and also conferred resistance against H 2 O 2 challenge [12] . In addition, T. cruzi contains a repertoire of four Fe-SODs, which are located in different subcellular compartments, to detoxify O 2 ᭹− . Mitochondrial Fe-SOD overexpression interferes with the mitochondrial O 2 ᭹− -dependent signalling of T. cruzi programmed cell death induced by fresh human serum [13] .
During phagocytosis of parasites, macrophage membraneassociated NADPH oxidase is activated, resulting in the generation of O 2 ᭹− . Inside the phagosome, this is converted into H 2 O 2 , and through the action of transition metals, to ᭹ OH [14] .
᭹ NO, produced by iNOS (inducible NO synthase), can diffuse and rapidly react with O 2 ᭹− in a diffusion-controlled reaction to form peroxynitrite, a strong oxidizing and cytotoxic effector molecule against T. cruzi [15] . Peroxynitrite (pK a = 6.8) is partially protonated at pH 7.4 to peroxynitrous acid, which, after homolysis, produces the one-electron oxidant ᭹ OH and ᭹ NO 2 . The major reactivity of peroxynitrite in vivo involves the oxidation of thiol groups [16] . Peroxynitrite also nitrates tyrosine residues in proteins by a two-step process, where the initial reaction is the oxidation of tyrosine (by one-electron oxidants) to form a tyrosyl radical which in turns adds ᭹ NO 2 to yield 3-nitrotyrosine. In this context, the effectiveness of the parasite oxidative defence system at the onset of macrophage invasion is critical for successful infection. The reactivity of TcCPX against peroxynitrite has been evaluated in vitro. The enzyme catalytically reduces peroxynitrite to nitrite through a fast-reacting thiol group located at the peroxidatic cysteine residue (Cys 52 and Cys 81 in TcCPX and TcMPX respectively), thus acting as tryparedoxin/peroxynitrite oxidoreductases [10] . Although the capability of these peroxiredoxins to detoxify peroxynitrite is well defined in vitro, there is less information available on the in vivo relevance of tryparedoxin-dependent detoxification of macrophage-derived oxidants and the effect on the outcome of cell invasion.
In this present paper, we describe the parasite response to peroxynitrite challenge using T. cruzi epimastigotes and metacyclic trypomastigotes transformed to overexpress TcMPX, TcCPX or TcAPX. The results clearly demonstrate that both TcCPX and TcMPX act in vivo as peroxynitrite oxidoreductases, conferring major protection against this oxidant.
EXPERIMENTAL

Parasites
T. cruzi epimastigotes (CL-Brener, wild-type) were cultured at 28
• C in BHI (brain heart infusion) medium [17] . Parasites overexpressing TcCPX, TcMPX or TcAPX were obtained as described previously [11, 12] . The complete gene sequences of the enzymes were cloned into the trypanosomal vector pTEX-9E10 (Invitrogen) and a ligation was performed to insert a c-Mycderived epitope (9E10) in frame at the 3 end of the genes to produce the construct pTEX-enzyme-9E10 [11] . Transformed TcCPX, TcMPX and TcAPX cells were cultured in BHI medium containing 250 µg · ml −1 of geneticin (Sigma).
Site-directed mutagenesis
Oligonucleotide-directed in vitro mutagenesis was performed using the Stratagene QuikChange ® mutagenesis kit, following the manufacturer's instructions. Briefly, amplifications were performed in a final volume of 50 µl, with pTEX-TcMPX-9E10 or pTEX-TcCPX-9E10 [8] used as the template DNA. The PCR parameters were as follows: 1 cycle of 95 • C for 30 s, followed by 95
• C for 30 s, 55
• C for 1 min and 68 • C for 6 min for 16 cycles. DpnI (10 units, Invitrogen) was then added to digest parental double-stranded DNA. The DpnI-digested PCR product (1 µl) was used to transform Escherichia coli XL1-Blue supercompetent cells. The primers used to generate each of the desired mutations were produced by MWG Biotech AG (Ebersberg, Germany) and are as follows: TcCPX C52A(F), 5 -GAC-TTCACCTTCGTCGCCCCCACAGAGATCTGC-3 ; TcCPX C52A(R), 5 -GCAGATCTCTGTGGGGGCGACGAAGGTG-AAGTC-3 ; TcMPX C81A(F), 5 -GATTTTACCTTTGTGGCC-CCCACAGAAATCACA-3 and TcMPX C81A(R), 5 -TGTGA-TTTCTGTGGGGGCCAGAAAGGTAAAATC-3 . The relevant substitution sites, incorporating the required base changes, are underlined. Successful mutagenesis was confirmed by sequencing using a BigDye ® terminator cycle sequencing kit (Applied Biosystems) and an ABI PRISM ® 3730 automated sequencer (Applied Biosystems).
In vitro metacyclogenesis of T. cruzi CL-Brener and transformed cells
Epimastigotes were collected by centrifugation at 800 g for 10 min at 25
• C and washed three times in 10 ml TAU (triatomine artificial urine) [190 mM NaCl, 17 mM KCl, 2 mM MgCl 2 , 2 mM CaCl 2 , 8 mM sodium phosphate buffer (pH 6.0) and 0.035 % sodium bicarbonate] and resuspended at (3-5) × 10 8 cells · ml −1 . After incubation at 28
• C for 2 h, the parasites were transferred and diluted in TAU3AAG (TAU three amino acids plus glucose) medium [TAU (pH 6.0) supplemented with 10 mM L-proline, 50 mM sodium L-glutamate, 2 mM sodium L-aspartate and 10 mM glucose to (3-5) × 10 6 cells · ml −1 , following incubation for 96 h at 28
• C as described previously [18] .
Oxidant-sensitivity experiments
Epimastigotes (3 × 10 8 cells · ml −1 ) were incubated for 1 h at 28
• C in DPBS (Dulbecco's PBS, pH 7.3; Sigma), and 0-800 µM H 2 O 2 and peroxynitrite (synthesized from sodium nitrite and H 2 O 2 in acidic medium using a quenched flow reactor as described previously [19] ). Peroxynitrite (0-1000 µM) was added with vigorous vortex-mixing to parasite suspensions as a single or multiple doses of 100 µM, reaching the different final concentrations as indicated. O 2 ᭹− was generated using the redox-cycling compound 50 µM DMNQ (2,3-dimethoxy-1-naphthoquinone; Sigma) (5 nM O 2 ᭹− /1 × 10 8 cells per min), estimated from H 2 O 2 formation by the p-hydroxyphenyl acetic acid/horseradish peroxidase assay [13, 20] . AA (antimycin A) (5 µM; Sigma)-treated epimastigotes were used to elicit mitochondrialderived O 2 ᭹− generation [21, 22] .
᭹ NO fluxes were generated by NO donors, 0-1 mM spermine NONOate (diazeniumdiolate, t ½ ∼ 45 min; Alexis) and 0-2 mM NOC-18 (t ½ ∼ 1080 min, Alexis), and quantified following the oxidation of oxyhaemoglobin to methaemoglobin at 577 nm (ε 577 = 11 mM −1 · cm −1 ) [23] . Parasites were incubated in the presence of the different oxidant-generating systems for 1 h at 28
• C in DPBS (pH 7.3).
Macrophage-derived oxidants
The murine macrophage cell line J774A.1 was cultured in DMEM (Dulbecco's modified Eagle's medium; Sigma) at 37
• C in a 5% CO 2 atmosphere. Production of ᭹ NO by iNOS was triggered by pre-incubating macrophages with 300-500 units · ml −1 IFNγ (interferon γ ; Calbiochem) and 3 µg · ml −1 lipopolysaccharide (Sigma) for 5 h at 37
• C for maximal ᭹ NO production [15] . O 2 ᭹− production by NADPH oxidase in macrophages was triggered by the addition of 2 µg · ml −1 PMA (Sigma) as described previously [15] . Macrophage/T. cruzi co-culture experiments were performed at 37
• C by direct contact of parasites with the macrophage monolayer, allowing cell-to-cell interactions. Cells were then harvested and assayed for [ 3 H]thymidine (American Radiolabeled Chemicals, St Louis, MO, U.S.A.) incorporation [17] and RH (rhodamine) 123 fluorescence [15] . After iNOS induction, 2 µg · ml −1 PMA was added to macrophages 5 min before parasite addition, and co-culture experiments were performed for 90 min at 37
• C.
Assessment of parasite viability
After treatment, parasite viability was evaluated using the [ 3 H]thymidine incorporation assay as described previously [17] . Briefly, following parasite exposure to the different oxidative systems, an aliquot containing 5 × 10 6 cells was incubated overnight at 28
• C in BHI medium containing 1 
DHR (dihydrorhodamine) oxidation
Parasites (1 × 10 9 cells · ml −1 ) were incubated for 30 min at 28
• C in DPBS containing 50 µM DHR (Molecular Probes). After incubation, cells were centrifuged at 800 g for 10 min at 25
• C and washed twice in DPBS in order to eliminate non-incorporated DHR. Detection of intracellular RH 123, the oxidation product of DHR, was performed after exposure to the different experimental conditions (oxidant and macrophage-derived oxidant treatment) using black 96-well plates and a fluorescence plate reader at 28
• C (Fluostar; BMG Labtech, Offenburg, Germany), with filters set at λ ex = 485 nm and λ em = 520 nm. In order to evaluate membrane integrity and parasite morphology after peroxynitrite addition, cells were pre-loaded for 30 min with 10 µM 6-CFDA (6-carboxyfluorescein diacetate; Molecular Probes) and washed three times in DPBS. After exposure to 250 µM peroxynitrite, parasites were examined by fluorescence microscopy (Nikon Eclipse TE-200 inverted microscope) and digital images of treated parasites were recorded.
Peroxynitrite-mediated oxidative modifications to proteins
Parasites were exposed to 0-1 mM peroxynitrite as described above. After treatment, cells were centrifuged at 800 g for 10 min at 25
• C, resuspended in 250 µl lysis buffer [10 mM Tris/HCl (pH 8.0), 1 mM EDTA and 0.5 % Triton X-100] and incubated on ice for 15 min. Cell extracts were centrifuged at 13 000 g for 30 min at 4
• C, and loading buffer [30 mM Tris/HCl (pH 6.6), 1 % SDS and 5 % (v/v) glycerol] was added to the supernatants. Proteins (50 µg) were resolved by SDS/PAGE (13 % gels), followed by Western blotting on to nitrocellulose membranes. After protein transfer, membranes were stained with Ponceau-S solution (Applichem, Darmstadt, Germany) to confirm equal protein loading. The membranes were blocked using 5 % (w/v) BSA and 0.1 % Tween 20 (Sigma) in TBS (Tris-buffered saline) [25 mM Tris/HCl (pH 7.4), 140 mM NaCl and 3 mM KCl] for 1 h at 25
• C. The membranes were then probed with rabbit anti-(nitrotyrosine) serum (1:2000 dilution) [24] , rabbit anti-(sulfonic peroxiredoxin) antibody (1:2000 dilution; Lab Frontier, Seoul, Korea) that recognizes cysteine sulfinic acid (Cys-SO 2 H) and sulfonic acid (Cys-SO 3 H) from human peroxiredoxin I to IV [25] and monoclonal mouse anti-c-Myc antibody (9E10, 1:300 dilution; Santa Cruz Biotechnology) for 1 h at 25
• C. Immunoreactive proteins were detected using the ImmunStar TM chemiluminescence kit (Bio-Rad). Immunodetection of DMPO (5,5-dimethylpyrroline-N-oxide)-nitrone protein adducts on parasite samples was performed using a rabbit anti-(DMPOnitrone) serum which binds to the one-electron oxidation product of the initial DMPO-nitroxyl protein spin adduct [26] . Parasites (1 × 10 9 cells · ml −1 ) were pre-incubated with DMPO (100 mM) in DPBS for 30 min at 28
• C. After incubation, parasites were collected by centrifugation at 800 g for 10 min at 25
• C and resuspended at a concentration of 3 × 10 8 cells · ml −1 in DPBS. After peroxynitrite treatment, parasite extracts were prepared as above and protein extracts (50 µg) were resolved by SDS/PAGE (12 % gels), blotted on to nitrocellulose and probed with anti-(DMPO-nitrone) serum (1:2000 dilution) as described previously [26] . Immunoreactive proteins were detected using the ImmunStar TM chemiluminescence kit (Bio-Rad).
Data analysis
All results are means + − S.D. unless otherwise stated. For comparison between two groups, the Student's t test was performed. ANOVA was performed for comparison of more than two groups. Post-hoc analysis was performed using a LSD (least significant difference) test. P < 0.05 was considered significant. All experiments were typically repeated on separate days (n 3).
RESULTS
Transformed T. cruzi overexpressing TcAPX, TcMPX or TcCPX show differential susceptibility to hydrogen peroxide and peroxynitrite
In order to evaluate the susceptibility of the genetically transformed T. cruzi parasite lines to H 2 O 2 , cells were exposed to different concentrations of oxidant for 1 h and parasite viability was assayed. T. cruzi epimastigotes overexpressing TcAPX showed a 2-fold increase in their IC 50 value compared with wildtype cells, whereas cells with elevated levels of TcMPX and TcCPX were 50 % more resistant to oxidant exposure ( Table 1) Table 1 ). In contrast, overexpression of TcMPX or TcCPX conferred resistance against peroxynitrite when added exogenously as a single dose ( Table 1 ). The dose-response curve showed a biphasic profile for both cell lines overexpressing the 
Figure 1 Expression of TcAPX, TcMPX and TcCPX in transformed epimastigotes
Total cell extracts (25 µg) from T. cruzi epimastigotes transformed to overexpress TcAPX, TcMPX or TcCPX [11, 12] were run on SDS/PAGE (13 % gels) and transferred on to nitrocellulose membranes. Equal loading was checked by Ponceau-S red staining of the membranes. Blots were probed with a monoclonal anti-c-Myc antibody (9E10) that recognized epitope-tagged TcAPX, TcMPX and TcCPX. Enzyme activity in overexpressing cells is 5-, 1.9-and 2.5-fold higher for TcAPX, TcMPX and TcCPX respectively [11, 12] .
peroxiredoxins ( Figures 2B and 2C) , suggesting there is a marked resistance at the lower concentration range tested, particularly for cells with elevated levels of TcCPX ( Figure 2C ). The major difference between wild-type and T. cruzi overexpressing TcCPX was observed at 400 µM peroxynitrite (90 % compared with 20 % inhibition of [ 3 H]thymidine incorporation respectively). At higher peroxynitrite doses ( 500 µM), proliferation was inhibited in all cell lines. When these experiments were extended to investigate cellular responses to the consecutive addition of sub-lethal levels of peroxynitrite (100 µM) at 1 min intervals, parasites overexpressing TcCPX or TcMPX displayed remarkable resistance, greater than the resistance observed during the addition of a single dose ( Figure 2D ). Peroxiredoxins depend on a trypanothione redox cascade and, ultimately, on NADPH arising from the pentose phosphate pathway, which is stimulated after oxidant addition [13] in order to regenerate the active enzyme form. Therefore the time between each challenge allows TcCPX and TcMPX to be in the reduced-active state prior to the next oxidant assault.
Examination of cell morphology after peroxynitrite challenge (250 µM) revealed that wild-type cells lost their cellular structure, whereas parasites overexpressing TcCPX appeared to be unaffected ( Figure 2E ). The activity of both trypanosomal peroxiredoxins is dependent on a conserved peroxidatic cysteine residue at positions 52 and 81 in TcCPX and TcMPX respectively [10] . To investigate whether these residues play a key role in the metabolism of peroxynitrite, they were mutated to alanine residues, in order to yield inactive enzymes. The mutated enzymes were expressed at similar levels to that shown in Figure 1 for the wild-type form (results not shown). Parasites expressing TcCPX C52A and TcMPX C81A failed to confer peroxynitrite resistance, demonstrating the catalytic nature of the protection afforded by elevated levels of wild-type peroxiredoxins (inset, Figure 2C ).
Overexpression of T. cruzi peroxiredoxins inhibits peroxynitrite-induced oxidative modifications
By metabolising peroxynitrite, peroxiredoxins play a key role in minimising the formation of peroxynitrite-derived radicals such as ᭹ OH, ᭹ NO 2 and CO 3 ᭹− [10] . To determine whether parasites overexpressing TcCPX or TcMPX have decreased levels of peroxynitrite-derived radicals, cells were pre-loaded with the redox sensitive agent DHR (which is oxidized to RH 123, a fluorescent product) and then challenged with the oxidant [15] . Overexpression of either TcMPX or TcCPX resulted in partial inhibition (∼ 50 %) of intracellular DHR oxidation in a dosedependent manner compared with wild-type cells ( Figure 3A) . In contrast, T. cruzi overexpressing TcAPX displayed a fluorescence pattern similar to controls (results not shown).
Peroxynitrite-dependent oxidative modification of proteins was analysed by immunospin-trapping using an anti-(DMPO-nitrone) serum [27] . Intense immunostaining was observed in CL-Brener epimastigotes after peroxynitrite treatment, whereas only minimal staining was observed in TcCPX or TcMPX overexpressing cells ( Figure 3B ). Moreover, basal levels of modified proteins were higher in the control than in the overexpressing cells, suggesting that there are lower steady-state levels of endogenous oxidants in the overexpressing cells. The inhibition of peroxynitritedependent protein modifications in cells with elevated TcCPX was further confirmed by blotting for tyrosine nitration ( Figure 3C ).
Finally, peroxynitrite-mediated two-electron thiol oxidation processes lead to the formation of sulfenic acid, which forms an intersubunit disulfide bond at the expense of the resolving cysteine residue of the enzyme, which can then be reduced at the expense of tryparedoxin. Under conditions of excess oxidant, the peroxiredoxin catalytic thiol present in the sulfenic state can be over-oxidized to sulfinic and sulfonic acid derivatives, before reacting with the resolving cysteine residue [28, 29] . Detection of sulfinic and/or sulfonic acid at the active site of TcCPX was performed immunochemically after exposure to different peroxynitrite doses [25] . In wild-type parasites exposed to peroxynitrite, over-oxidized peroxiredoxins were detected, including some staining under basal conditions. Importantly, we could not detect over-oxidation of peroxiredoxins in cells overexpressing TcCPX incubated with up to 1 mM peroxynitrite, with only minor staining at higher concentrations (2 mM) ( Figure 3D ).
Enhanced resistance of TcMPX or TcCPX overexpressing cells against mitochondrial and cytosolic generation of peroxynitrite
To evaluate the protection conferred by TcMPX or TcCPX overexpression against intracellularly-formed peroxynitrite, the viability of parasites treated with compounds known to stimulate cytosolic (DMNQ) or mitochondrial (AA) O 2 ᭹− formation in the presence of different ᭹ NO fluxes (in order to have defined ratios of both oxidants) was examined as described in the Experimental section [13, 21] the toxic growth effects of mitochondrially-generated peroxynitrite ( Figures 4A and 4B) . We then assayed for the production of peroxynitrite-derived radicals in intact cells loaded with DHR. In parasites overexpressing TcMPX, and to a minor extent TcCPX (results not shown), RH 123 formation was partially inhibited, giving further support to the idea that TcMPX plays an important role in detoxifying peroxynitrite generated within mitochondria ( Figure 4C ). When reciprocal experiments were performed using physiologically relevant cytosolic O 2 ᭹− fluxes (5 nM O 2 ᭹− /10 8 cells · min −1 ), a similar resistance was observed using trypanosomes expressing elevated levels of TcCPX (see Supplementary Figure 1 at http://www.BiochemJ.org/bj/410/ bj4100359add.htm).
Finally, and of most relevance, epimastigotes were exposed to activated macrophages that produced O 2 ᭹− , ᭹ NO or both, in a cell-to-cell contact model as described previously [15] . Simultaneous macrophage generation of O 2 ᭹− and ᭹ NO inhibited growth of wild-type and TcAPX overexpressing parasites by equivalent levels (Table 2 ) [15] . However, overexpression of TcMPX conferred partial protection against growth inhibition, and TcCPX overexpression completely protected cells against macrophage-derived peroxynitrite (Table 2) . Consistent with these results, intracellular oxidation of DHR in TcCPX or TcMPX overexpressing cells exposed to macrophage-derived O 2 ᭹− and ᭹ NO was greatly decreased compared with wild-type (results not shown).
Increased resistance of the infective metacyclic stage of T. cruzi against peroxynitrite
A recent proteomic study reported that components of the oxidative defence system appeared to be up-regulated during metacyclogenesis [5] . Using wild-type epimastigotes and chemicallydifferentiated wild-type metacyclic trypomastigotes, we evaluated protein 3-nitrotyrosine formation after peroxynitrite challenge. As shown in Figure 5 (A), protein nitrotyrosine in wild-type metacyclic trypomastigotes was detected at a significantly decreased level than that observed in the epimastigote stage when treated with equal amounts of peroxynitrite. These results support, from a biochemical standpoint, the previously observed increase in the levels of antioxidant enzymes during the infective stage [5] . Parasites transformed to express elevated levels of TcCPX and TcMPX were also subjected to chemical differentiation to the infective metacyclic stage. The preservation of enzyme expression was corroborated by detection of the c-Myc-tagged enzyme by Western blot analysis ( Figure 5B ). Peroxynitrite treatment of the metacyclic parasites overexpressing TcCPX showed inhibition of protein 3-nitrotyrosine formation ( Figure 5C ), and the redoxactive cysteine in the peroxiredoxin displayed a decreased level of oxidation to cysteine sulfinic and/or sulfonic acid ( Figure 5D ), supporting the key role of this enzyme in protection against peroxynitrite.
DISCUSSION
Macrophages are among the first cells to be invaded by T. cruzi and, as a consequence, parasites need to cope with macrophagederived oxidants. Since the discovery of peroxiredoxins in trypanosomatids, H 2 O 2 and small-chain organic hydroperoxides have been assigned as the preferential biological substrates for these enzymes [11, [32] [33] [34] . A fast reaction constant of TcCPX with peroxynitrite has been reported previously, with a value of 7.2 × 10 5 M −1 · s −1 at pH 7.4. Furthermore, in the presence of tryparedoxin, TcCPX was shown to catalytically decompose peroxynitrite [10] . Given the relevance of peroxynitrite production as an effector cytotoxic molecule against T. cruzi [15, 19, 35] and the in vitro kinetic considerations, we decided to evaluate the importance of TcCPX and TcMPX against peroxynitrite challenge in the intact cell.
To evaluate the protective effects of these enzymes against biologically-relevant oxidants, we conducted experiments using epimastigotes that overexpress TcCPX, TcMPX or TcAPX. Using an acute challenge of H 2 O 2 (1 h incubation), we showed that TcAPX confers higher protection than TcCPX and TcMPX, as was demonstrated previously [11, 12] . IC 50 values for wild-type parasites and TcAPX overexpressing cells against peroxynitrite were not different ( Table 1 ), suggesting that TcAPX does not play a significant role in the detoxification of exogenouslyadded peroxynitrite. Notably, overexpression of TcCPX or TcMPX conferred a high level of protection on epimastigotes against a broad range of peroxynitrite concentrations (0-200 µM and 0-400 µM for TcMPX and TcCPX overexpressing cells respectively) (Figures 2B and 2C) . The observed protection was Figure 2C ). Together, our results demonstrate that peroxiredoxins efficiently detoxify peroxynitrite in cells and protect the parasites from the deleterious actions of this oxidant [36] . At higher peroxynitrite concentrations, the effect was less pronounced. This suggests that either direct inactivation of TcMPX and TcCPX by peroxynitrite occurs, owing to over-oxidation of the enzyme thiol group, or acute depletion of reducing equivalents (NADPH) occurs, ultimately derived from the pentose phosphate pathway, which would jeopardize the catalytic efficiency of the antioxidant system. Further experiments, involving the sequential addition of low concentrations of peroxynitrite, showed an increase in the total peroxynitrite concentration that the enzymes have the capacity to overcome (0-1 mM for TcMPX or TcCPX overexpressing cells; Figure 2D ). This strongly suggests that TcCPX and TcMPX catalytically decompose peroxynitrite in our in vivo system. Also, these results eliminate the suggestion of inactivation of the enzymes at peroxynitrite concentrations less than 1 mM (see below). The cytotoxic effects of peroxynitrite against T. cruzi result from direct reactions with critical parasite targets, such as essential enzymatic thiol residues, and from the actions of the induced radicals ᭹ OH, CO 3 ᭹− and ᭹ NO 2 [15, 19, 35] . We therefore explored radical-mediated damage by using probes and evaluating modifications of endogenous constituents known to react with these radicals. TcCPX or TcMPX overexpressing cells effectively decreased peroxynitrite-dependent intracellular DHR oxidation, protein radical formation (as evaluated by DMPO immuno-spin trapping) and protein 3-nitrotyrosine formation ( Figures 3A-3C ). The relatively decreased protection afforded by peroxiredoxin overexpression on DHR oxidation compared with the oxidation/nitration of the other tested molecular targets, as well as in cell viability, is explained by the fact that DHR readily diffuses out of the cell, and therefore some of the peroxynitrite-dependent redox chemistry on DHR occurs extracellularly. Additionally, dose-dependent over-oxidation of peroxiredoxin(s) to sulfinic and/or sulfonic acid was evident after peroxynitrite treatment of wild-type cells, indicating that basal levels of TcCPX in the epimastigote stage are not sufficient to detoxify peroxynitrite at the concentrations tested ( Figure 3D ). In cells with elevated TcCPX, over-oxidation of the enzyme was not detected at concentrations below 2 mM peroxynitrite, an observation which supports our suggestion that, in overexpressing cells, the effect of peroxynitrite does not result from enzyme inactivation at these concentrations. 8 cells · ml −1 ) were exposed to peroxynitrite (ONOO − , 0-0.5 mM) and washed in DPBS. After treatment, equal amounts of cell extracts (50 µg) were run on SDS/PAGE (13 % gels). Equal loading was checked by Ponceau-S red staining of the transferred nitrocellulose membranes before Western blot analysis using a polyclonal anti-nitrotyrosine (3NO 2 -Tyr) antibody, as described in the Experimental section. (B) Metacyclic trypomastigotes from TcMPX or TcCPX overexpressing cells were generated by chemical differentiation (as described in the Experimental section). Following 96 h incubation, parasites were centrifuged at 800 g for 10 min at 25 • C and washed three times in DPBS. After treatment, equal amounts of cell extracts (25 µg) were run on SDS/PAGE (13 % gels). Equal loading was checked by Ponceau-S red staining of the transferred nitrocellulose membranes before Western blot analysis using a monoclonal anti-c-Myc antibody (9E10) for detection of the epitope-tagged proteins in TcMPX and TcCPX. (C) Wild-type (CL-Brener), TcMPX or TcCPX overexpressing metacyclic trypomastigoes (3 × 10 8 cells · ml −1 ) were exposed to peroxynitrite (ONOO − , 0-0.5 mM) and washed in DPBS. After treatment, equal amounts of cell extracts (50 µg) were run on SDS/PAGE (13 % gels). Equal loading was checked by Ponceau-S red staining of the transferred nitrocellulose membranes before Western blot analysis using a polyclonal anti-nitrotyrosine (3NO 2 -Tyr) antibody as described in the Experimental section. (D) Wild-type, TcMPX or TcCPX overexpressing metacyclic trypomastigoes (3 × 10 8 cells · ml −1 ) were exposed to peroxynitrite (ONOO − , 0-0.5 mM) and processed for Western blot analysis as in (C) using the polyclonal anti-[sulfonic (SO 3 ) peroxiredoxin] antibody.
In living systems, peroxynitrite arises from physiologicallygenerated ᭹ NO and O 2 ᭹− fluxes at different ratios, and oxidation/ nitration yields are responsive to peroxynitrite formation rates in spite of the flux ratio [37] . T. cruzi can be challenged by high levels of mammalian cell-derived ᭹ NO and of O 2 ᭹− which can be formed either by activation of macrophage NADPH oxidase or by the ᭹ NO-dependent inhibition of the mitochondrial respiratory chain in the target cell [30, 38] . Therefore peroxynitrite can also be formed in different cellular compartments (such as cytosol and mitochondria). In order to assess the antioxidant capabilities of TcCPX and TcMPX in their subcellular locations, we used a system which allowed site-directed generation of O 2 ᭹− radicals in the presence of ᭹ NO fluxes. The inhibition in proliferation of TcCPX overexpressing and wild-type cells exposed to ᭹ NO fluxes alone were similar, while TcMPX overexpressing cells exhibited a greater level of proliferation ( 50 % compared with 20 % inhibition respectively) ( Figure 4A ).
᭹ NO is a known inhibitor of mitochondrial cytochrome c oxidase. This leads to an increase in mitochondrial O 2 ᭹− production and consequently to peroxynitrite formation in the vicinity of mitochondria, which could explain the effect of TcMPX overexpression on parasite proliferation. When O 2 ᭹− is generated in the cytosol by the redox cycling agent DMNQ, overexpression of TcCPX affords maximal protection, whereas TcMPX overexpressing cells behaved similarly to wild-type cells (results not shown). The presence of the complex III respiratory chain inhibitor AA has profound effects on parasite proliferation, with 80 % and 40 % inhibition of thymidine incorporation in wild-type and overexpressing cells respectively ( Figure 4B ). In the presence of ᭹ NO fluxes, enhanced levels of TcMPX sustained proliferation capabilities and inhibited peroxynitrite-dependent DHR oxidation, whereas TcCPX overexpressing cells displayed a progressive decrease in proliferation ( Figures 4B and 4C) . Together, these results identify the importance of the compartmentalized antioxidant defences in the parasite against localized oxidant formation.
In Leishmania chagasi, overexpression of cytosolic peroxiredoxin 1 partially improved parasite survival within naive macrophages [33] . Maximal peroxynitrite-dependent trypanocidal activity of macrophages, including human macrophages [39] , is observed under iNOS induction and O 2 ᭹− generation by NADPH oxidase after parasite engulfment [15] . We therefore tested the hypothesis that overexpression of TcCPX would render the parasites resistant to macrophage-derived peroxynitrite in co-culture experiments, as evaluated by proliferation and intra-parasite DHR oxidation assays. Under maximal macrophage stimulation conditions (production of both ᭹ NO and O 2 ᭹− ), a 50 % inhibition in parasite proliferation was found in the wild-type and TcAPX overexpressing cells, and 30 % in cells with elevated TcMPX levels. No cytotoxic effects were observed in cells overexpressing TcCPX, with the proliferation rates being the same as the untreated controls (Table 2) . These results correlate well with the DHR oxidation assays, where maximal protection was observed in the TcCPX overexpressing cells (results not shown). Although levels of ᭹ NO achieved by activated human macrophages are smaller than those observed with murine macrophages, several reports have indicated that the trypanocidal activity depends on ᭹ NO production [39, 40] . Finally, in order to validate our findings in the infective metacyclic stage of the parasite, we chemically transformed epimastigotes (wildtype, TcCPX or TcMPX overexpressing cells) and evaluated peroxynitrite-dependent protein oxidative modifications. In wildtype parasites, metacyclic trypomastigotes contained less protein 3-nitrotyrosine than epimastigotes, in agreement with the expected up-regulation of antioxidant defences in the infective stage ( Figure 5A ) [5] . We successfully differentiated parasites overexpressing TcMPX or TcCPX to the infective stage, while retaining the overexpression phenotype ( Figure 5B ). Overexpression of TcCPX in the infective metacyclic stage prevented peroxynitrite-dependent protein nitrotyrosine formation and overoxidation of peroxiredoxins ( Figures 5C and 5D ).
Peroxynitrite production inside the macrophage phagosome have been estimated to be sufficient to kill internalized trypanosomes [15, 41] . In line with this, we anticipate that overexpression of TcCPX will render T. cruzi resistant to macrophage killing and therefore increase its virulence. In this present paper, we have extensively analysed the role of tryparedoxin peroxidases in T. cruzi epimastigotes and at the metacyclic stage by exposure to diverse peroxynitrite-generating systems. We provide evidence that supports the key role of parasite tryparedoxin peroxidases in defence against macrophage-derived and even endogenously produced peroxynitrite. The results we present, together with enhanced antioxidant defence observed in the infective metacyclic stage of the parasite, place the antioxidant network of T. cruzi as an emerging virulence factor.
